Abstract. Inertia-gravity waves (IGWs) are an important component for the dynamics of the middle atmosphere. However, observational studies needed to constrain their forcing are still insufficient especially in the remote areas of the Antarctic region. One year of observational data (January to December 2013) by the PANSY radar of the wind components (vertical resolution of 150 m and temporal resolution of 30 min) are used to derive statistical analysis of the properties of IGWs with short vertical wavelengths ( ≤ 4 km) and ground-based periods longer than 4 h in the lowermost stratosphere (height range 10 to 12 km) with the help of the hodograph method. The annual change of the IGWs parameters are inspected but no pronounced year cycle is found. The year is divided into two seasons (summer and winter) based on the most prominent difference in the ratio of Coriolis parameter (f ) to intrinsic frequency (ω) distribution. Average of f/ω for the winter season is 0.40 and for the summer season 0.45 and the average horizontal wavelengths are 140 and 160 km respectively. Vertical wavelengths have an average of 1.85 km through the year. For both seasons the properties of IGWs with upward and downward propagation of the energy are also derived and compared. The percentage of downward propagating waves is 10.7 and 18.4 % in the summer and winter season respectively. This seasonal change is more than the one previously reported in the studies from mid-latitudes and model-based studies. It is in agreement with the findings of past radiosonde data-based studies from the Antarctic region. In addition, using the so-called dualbeam technique, vertical momentum flux and the variance of the horizontal perturbation velocities of IGWs are examined. Tropospheric disturbances of synoptic-scale are suggested as a source of episodes of IGWs with large variance of horizontal perturbation velocities, and this is shown in a number of cases.
Introduction
Inertia-gravity waves (IGWs), i.e. waves for which the restoring force is buoyancy, are ubiquitous in the atmosphere and generally are small scale. The importance of their contribution in driving the dynamics of the middle atmosphere has been recognised for a long time. IGWs propagate vertically into the stratosphere and mesosphere, where their saturation and/or dissipation alters not only the local wind but also induces meridional circulation at these altitudes (e.g., Fritts and Alexander, 2003) . Small-scale gravity waves are not resolved by common global circulation models and their forcing is included into the models through parameterisations with different assumptions and tunings according to the goals of the respective model (Alexander et al., 2010) . One major problem also discussed by McLandress et al. (2012) is the missing GW drag around 60 • S in nearly all chemistry-climate models, which introduces the so called cold-pole bias (too cold and too strong polar vortex with later break-down) in the models and therefore having an influence on the prediction of the ozone-hole dissipation timing. For better understanding of IGW characteristics and for the improvement of the physical constrains of model parameterisations further observational studies in the southern polar stratosphere are very important. There are studies in the low and midlatitudes examining in detail the properties of gravity waves using high-resolution radar data, which provide a good basis for a statistical overview of properties of IGWs in the lower stratosphere in the midlatitudes (see e.g. Sato, 1994) . This study used the hodograph method to extract properties of IGWs between 16 and 22 km from the routine wind observation by the MU radar in Shigaraki, Japan. They found an annual cycle with a maximum in winter in the seasonal variation of IGWs intensity. Two seasons (winter and summer) with strong and weak subtropical jets were examined and strong anisotropy in horizontal energy propagation direction was observed. In the vertical direction, more than 90 % of IGWs propagate energy upward. Horizontal wavelengths were between 200 and 500 km, vertical wavelengths about 2 km, shorter in summer, f/ω was on average 0.5, larger in the summer and the degree of saturation was found larger in winter than in summer. More recent midlatitude study by Vaughan and Worthington (2007) shows an analysis of 8 years of observations from UK MST radar at Aberyswyth, Wales. They found typical vertical wavelengths of 2 km and amplitudes of 1-3 m s −1 and long horizontal wavelengths of around 500 km. Long-period waves (> 12 h) were observed 70 % of the time in the lower stratosphere with little seasonal dependence. Shorter wavelengths (6-8 h) were observed 10-30 % of the time in the troposphere and stratosphere with a winter maximum in the occurrence rate. They found only weak correlation with the jet stream. A different study from the same radar site performed by Chagnon and Gray (2008) utilises wavelet analysis and modelling to examine an episode of vertically propagating high-frequency waves in the lower stratosphere generated by deep convection which reached the troposphere. Other midlatitude studies use radiosonde data, e.g. Allen and Vincent (1995) who examined latitudinal and seasonal variation of gravity wave spectra. However, in the remote Antarctic areas, where the collection of data is complicated because of the severe natural environment, the properties and sources of IGWs and their climatology are still not sufficiently understood. Nevertheless, observational studies are gradually being made for various areas of the southern polar region using all available past and new data. Using operational radiosonde data from 33 stations over a period of 10 years in the Arctic and Antarctic, Yoshiki and Sato (2000) looked at the comparison of gravity wave properties in the lower polar stratosphere between the hemispheres and their climatologies. They showed that the potential and kinetic energies of gravity waves in the height region 15-20 km are maximised in the spring in the Antarctic and in the winter in the Arctic. In the Arctic region, gravity waves mostly transport energy upwards with westward dominant horizontal propagation direction relative to the mean wind. There is a higher percentage of downward energy propagating waves in the winter and spring in the Antarctic and dominant direction of horizontal propagation varies depending on the station. They suggested that the polar night jet could be a possible source of the downward energy propagating gravity waves in the Antarctic. Yoshiki et al. (2004) analysed 2 years of operational radiosonde data with fine vertical resolution from Syowa Station (69.0 • S, 39.6 • E). They showed that the temporal variation in gravity wave energy depends on height and in the region of 13-15 km its seasonal variation is not evident. They suggested that tropospheric disturbances affect the dynamical processes of gravity waves in this lowest region of the stratosphere. Intensive radiosonde observations in all seasons of 1 year over Syowa Station were performed by Sato and Yoshiki (2008) to analyse seasonal variation of gravity wave properties. Dynamical characteristics were also examined separately for simultaneous upward-and downward-propagating waves and were found to have similar horizontal wavelengths and phase velocities which suggest a common source in the lower stratosphere for both of the groups. Model simulations and comparison with measures of imbalance (local Rossby numbers and residual in the nonlinear balance equation) suggested the polar night jet as a probable source of these waves. The Antarctic peninsula and the southern Andes are long recognised as strong sources of gravity waves and wave properties were examined using a variety of instruments (see e.g., McLandress et al., 2000; Wu, 2002 Wu, , 2004 Jiang, 2002; Hertzog et al., 2008) . Recently, a study was made based on radiosondes by Moffat-Griffin et al. (2011) using the observations from Rothera (67.6 • S, 68.1 • W) which found a peak of lower stratospheric wave energy densities at equinoxes and enhanced level of downward propagation in the wintertime. A similar study performed at the Falkland Islands found different energy density variations but similar percentages of downward propagating waves (Moffat-Griffin et al., 2013) . Murphy et al. (2014) performed a wavelet analysis of 12 years of radiosonde observations at Davis station (68.6 • S, 78 • E) and compiled a climatology of lower stratosphere IGWs characteristics. In the statistics the vertical propagation shows strong height and temporal variations. Waves propagate nearly horizontal and are strongly advected by the background wind in wintertime. A significant percentage of waves observed in the stratosphere during wintertime propagates downward. They conclude based on the similarity of downward and upward propagating waves and the vertical structure of the nonlinear balance residual that a source due to imbalanced flow, distributed over the winter lower stratosphere is a suitable explanation for the observations. Properties of IGWs were also intensively investigated by using gravity-wave resolving models and compared to observations and models which do not resolve IGWs but include their influence through parameterisations (see e.g., Sato et al., 2009 Sato et al., , 2012 Geller et al., 2013) . These studies find the importance of latitudinal propagation of IGWs in the high latitudes of the winter hemisphere from their sources in the troposphere or lower stratosphere towards the axis of mesospheric jets (around 60 • S). Such propagation characteristics of waves determine the latitudinal distribution of momentum flux (Sato et al., 2009) . Sato et al. (2012) also illustrates that orographic gravity waves can propagate significantly leeward by the mean wind component perpendic-ular to the wavenumber vector. These properties of gravity waves are not yet properly constrained in parametrisation of climate and general circulation models which causes differences in model outputs of absolute momentum fluxes in high latitudes of the winter hemisphere from observations and gravity-wave resolving models as discussed by Geller et al. (2013) . Observation by the PANSY radar can help to determine the sources of gravity waves which is necessary for further constraining of model parametrisation. Recently a study by Shibuya et al. (2015) used both the PANSY radar observations and model simulations to explain three cases of occurrence of multiple tropopauses observed over Syowa Station. They also discussed the possible role of IGWs appearing in association with the multiple tropopause folding events and the relative importance of orographically and nonorographically produced gravity waves around 60 • S and conclude that nonorographically generated gravity waves can play an important part in the momentum flux. In the present study, to further improve our understanding of IGWs in the southern polar lower stratosphere, we used a year of continuous measurements by PANSY radar at the Syowa Station (described in Sect. 2.1). After extracting the perturbation velocities of IGWs (Sect. 2.2) we obtained properties of IGWs using the hodograph method (Sect. 2.3) and a statistical overview of gravity wave properties and their seasonal changes was made (Sect. 3). We also explore the possible sources of strong wave activity episodes observed by PANSY radar and discuss these in Sect. 4.
Data and methodology

Data
The PANSY radar is a Mesosphere-StratosphereTroposphere/Incoherent Scatter (MST/IS) radar installed at Syowa Station (69.0 • S, 39.6 • E) in the Antarctic region. Details of the PANSY program are given by Sato et al. (2014) . The PANSY radar provides high-resolution vertical profiles of wind vectors including their vertical components with high accuracy at time intervals of about 1 min. A partial system of the radar has been in operation since May 2012. For the analysis presented in this study, data obtained by routine wind observation by the PANSY radar from January 2013 until December 2013 were used. Incoherent-integrated data with temporal resolution of 30 min gained by five beams, one directed vertically and other four tilted to the north, east, south and west under the zenith angle of 10 • were utilised to calculate the vertical, zonal and meridional wind speeds with the vertical resolution of 150 m along the beam directions. An example of a typical measurement of zonal and meridional wind speeds by the PANSY radar is shown in Fig. 1 . The figure shows a case of stronger wave activity over Syowa Station at the end of June 2013 and beginning of July 2013. Wave-like structures can be observed in the meridional and zonal wind components. Considering the quality and availability of data in the year 2013 this study decided to concentrate on the analysis of the height region 10 to 12 km (denoted by horizontal black lines in Fig. 1 ). It is the lowermost region of the stratosphere just above the tropopause and thus represents the entrance zone of IGWs with tropospheric sources into the stratosphere. Data from JMA operational radiosonde observations were utilised for the calculation of buoyancy frequency values in the analysed heights. ECMWF ERA-Interim reanalysis data of geopotential height, wind speeds and relative vorticity was used for additional analysis. 
Definition and extraction of IGWs perturbation velocities
Analysis presented here was performed similarly to the study by Sato (1994) . The data were at first screened for erroneous data-points and then a high-pass filter with a cutoff vertical wavelength of 4 km was used to extract the horizontal wind wave components in the height direction. A cutoff wavelength of 4 km was decided upon based on the examination of the data and previous radiosonde studies in the area of Syowa Station (e.g., Sato and Yoshiki, 2008) . To obtain the cutoff period of IGWs, frequency power spectra of zonal and meridional wind fluctuations in the height region of 10-12 km were obtained using Blackman-Tukey algorithm and are shown in Fig. 2 . The blue (red) line shows the spectra for wind fluctuations with the vertical wavelengths shorter (longer) than 4 km and the green line showing the spectra for all components. The spectral density is larger for shorter wavelengths in a range shorter than 10-13 h. Taking a broad bandwidth the cutoff period of the lowpass filter to extract the IGWs at the Syowa Station was estimated to be 4 h. Thus, IGW components (u , v , w ) are here defined as fluctuations with the vertical wavelength λ z < 4 km and the period τ > 4 h. Figure 3 shows an example of the extracted horizontal perturbation wind velocities for the same time period as shown in Fig. 1 .
Method used to gain characteristics of IGWs
For extraction of IGW parameters, we used the hodograph method following Sato (1994) . The method of least squares was used to fit an ellipse to each 30 min vertical profile between 10 and 12 km divided into two height intervals (i.e. 10-11.5 and 10.5-12 km), each consisting of 11 points (representing 1.5 km) and overlapping by 5 points. Although waves with different properties can be observed at the same time in the same heights monochromaticity was assumed since a relatively small vertical range was used for the fitting. Fitting was performed with fixed λ z with a 0.1 km step between 0.5 and 4.5 km. This enables a stable fitting process. The optimal parameters with least residuals for the combination of meridional and zonal components were obtained whenever the observations were available with sufficient echo power and further properties of IGWs were derived based on the properties of the fitted ellipse. The wavelength gained from the fitting process to the horizontal perturbation velocities was further used to derive fit parameters for the vertical component. Perturbation velocities of IGWs calculated as a result of the fitting process are, if needed, further denoted as u f , v f , w f . The dispersion and polarisation relations for IGWs were used to derive the values of intrinsic frequencyω and horizontal wavelength λ h . The effect of background wind shear perpendicular to the horizontal wavenumber vector was considered to be negligible and not considered in further calculations. The polarisation relation gives for the ratio of the short (b) to long axis (a), the following relation:
where f is the Coriolis parameter at Syowa Station (−1.358 × 10 −4 s −1 ) andω is intrinsic frequency. Furthermore the horizontal wavenumber vector k h of the IGWs can be gained from the dispersion relation:
where N is Brunt-Väisälä frequency and m is the vertical wavenumber. The values of N used for the calculations were derived as time averages over the analysed height range from the operational JMA radiosonde data. Vertical energy propagation direction can be determined from the direction of rotation of the hodograph with the altitude. In the Southern Hemisphere, the anticlockwise (clockwise) rotation with the altitude shows upward (downward) energy propagation. Horizontal IGWs' propagation direction ( ) is the same as the direction of the horizontal wavenumber vector. The horizontal wavenumber vector is parallel to the long axis of the ellipse with an ambiguity of 180 • . This ambiguity can be removed by phase difference between the vertical perturbation velocity and the horizontal perturbation velocity parallel to the long axis using the theoretical property of IGWs that for the upward (downward) energy propagating waves m < 0 (m > 0), the perturbation velocities are in phase (out of phase). Ground-based frequency ω obs is related to the intrinsic frequency
where W is the horizontal wind direction. Another property, the degree of saturation S can be derived by comparing the horizontal perturbation wind speed parallel to the horizontal wavenumber |u p | and the intrinsic phase velocity |C int |,
This relation was considered by Lindzen (1981) who explained that breaking of the gravity wave by convective instability occurs when |u p | becomes larger than the intrinsic phase velocity |C int |. Thus the wave with an amplitude |u p | = |C int | is called a saturated gravity wave. A spectral model of saturated gravity waves was proposed by Smith et al. (1987) and based on good agreements between the theory and observations it became widely accepted. Sato (1994) used this relation for statistical examination of the saturation of monochromatic IGWs using parameters obtained by hodograph analysis in the lower stratosphere. Additionally, using the continuity equation under Boussinesq approximation, the horizontal wavelengths can be estimated from the ratio of vertical and horizontal perturbation amplitudes,
This estimation is independent of the one using Eqs. (1) and (2), which makes the validation of the obtained wave parameters possible. During the analysis several conditions for validity of fitting were applied. Fits that did not comply with them were rejected. The ratio of variance of the fitted horizontal perturbations to their residuals had to be larger than or equal to 0.75. The horizontal perturbation velocity in the direction of the long axis had to exceed 0.7 m s −1 . Linearly and circularly polarised waves were also excluded (the ratio of long and short axis had to be greater than 0.1 and smaller than 0.9).
Results
As the analysed height range is only 2 km, all the properties were considered to represent one height only and change of the properties with the height was not investigated. Hodograph analysis as described in Sect. 2.3 was used to derive intrinsic frequencyω, vertical wavelength λ z , horizontal wavelength λ h , vertical and horizontal propagation direction and the degree of saturation S. At first all the properties of IGWs were summarised according to months to search for the possible seasonal variability. A well-defined year cycle of IGW properties was not found unlike those in the mid-latitudes (Sato, 1994) . The only property that showed some clear variability in our case was the mean intrinsic frequency, here represented by the ratio of the Coriolis parameter and intrinsic frequency f/ω . Its mean monthly values, shown in Fig. 4 , are between 0.38 and 0.48, lower during the winter months. This shows that there is a prevalence of IGWs with higher ω during the winter months. The mean f/ω for July of 0.42 (horizontal line in Fig. 4 ) was chosen to divide the year into two seasons: the winter season, covering the months April to November 2013 and the summer season consisting of January to March and December 2013. Further the properties of the IGWs were analysed based on this grouping. A histogram of the ratio f/ω can be seen in Fig. 5a for the summer with a slight maximum around the average of 0.45 and decreasing in the higher values. In the winter season (Fig. 5b) we see a steady decrease of the f/ω from the maximum found at 0.15 with the average value of 0.40. The black coloured part of the histogram in Fig. 5 represents the histogram for downward energy propagating waves. In both cases downward propagating waves have on average higher intrinsic frequencies with mean f/ω being 0.32. In this and all consequent figures the number N represents number of observations included in the statistics. Throughout the whole year, 16 % of the IGWs were found to be propagating energy downward. This percentage is higher in the winter season being 18.5 % and lower during the summer season being 10.7 %. These numbers are consistent with other studies made for the southern polar latitudes (eg. Yoshiki and Sato, 2000; Moffat-Griffin et al., 2011; Murphy et al., 2014) and show a higher ratio of downward propagating waves existing in high latitudes as opposed to up to maximum 10 % in mid-latitudes (Sato, 1994) . The dominant horizontal propagation direction exhibited random variability during the year and, depending on the month and on the average it does not show much difference between the winter and summer season. In both cases the northward propagating IGWs are slightly dominant. In Fig. 6 the horizontal propagation directions with their percentages for summer and winter season and for upward energy propagating waves ( Fig. 6a and b respectively ) and downward energy propagat- ing waves (Fig. 6c and d respectively) are shown. In both seasons upward energy propagating waves have dominant northward and northeastward propagation direction. On the other hand downward propagating waves have slightly dominant southward to westward propagation directions. Vertical wavelength (Fig. 7) shows only minimal variation during the year with an average of 1.85 km and similar distribution for upward and downward propagating waves, although winter season distribution (Fig. 7b) shows a higher ratio of longer λ z .
M. Mihalikova et al.: Properties of IGWs over Syowa Station
Average horizontal wavelength in the summer season (Fig. 8a ) was found to be 160 km with standard deviation of 125 km and in the winter season (Fig. 8b) 139 ± 120 km. In both cases, the group of downward propagating waves show shorter averages of the horizontal wavelength of 140 km in the summer season and 114 km in the winter season. This might be a sign of a different source of downward propagating and upward propagating waves in this region.
The degree of saturation S, i.e., the normalised distribution of the perturbation wind speed parallel to the horizontal wavenumber vector |u p | and intrinsic phase velocity |C int | (Eq. 4), is shown in Fig. 9 . S for a monochromatic saturated wave becomes equal to one (diagonal black line in Fig. 9 ). The average degree of saturation for the whole year is 0.37, being for the summer 0.32 and for the winter 0.41. The IGWs interact with background wind slightly more effectively during the winter season as can also be seen on the difference in the shape of the distributions for summer (Fig. 9a ) and winter (Fig. 9b) . Properties of IGWs for individual seasons are summarised in the first part of Table 1 . It can be seen that the average vertical wavelengths are similar for both seasons but horizontal wavelengths are on average 20 km longer in the summer season. This reflects also on the higher value of the f/ω parameter. Dominant horizontal propagation directions in both seasons are northward and northeastward but only slightly more with 33 %. The downward energy propagating waves are more dominant in the winter season with 18.4 % in contrast to 10.7 % in the summer season. In addition to the statistical overview of the properties of IGWs, monthly means of vertical momentum flux components between 10 and 12 km were calculated according to the so-called dual- Vincent and Reid (1983) . Under the assumption of homogenous horizontal atmospheric motions, this method provides accurate estimates for MST radar observations with a five beam configuration as in the case of the PANSY radar. In this case filtered line-of-sight wind fluctuation components (cutoff wavelength λ z < 4 km and the cutoff period τ > 4 h) were used for the calculations and the results are shown in Fig. 10 . The vertical flux of meridional momentum v w is close to zero or slightly positive throughout the year with higher values in October and November 2013. Monthly means of the vertical flux of zonal momentum u w show a change through the year with negative values from January to July 2013 and positive values from August to December 2013. Considering the lower altitude (higher air pressure) of the examined region, the levels of momentum flux are higher than those found in midlatitudes by Sato (1994) . In the variance of horizontal perturbation velocities u 2 + v 2 (third panel of Fig. 10 ), which represents the wave activity in the given month, higher values can be seen from April to August 2013 and then a well-defined peak in the November 2013. Monthly means of the background wind speed (fifth panel of Fig. 10 ) in the analysed region changed between 5 and 20 m s −1 .
Sources of strong wave activity episodes
Proximity of jet streams, as one potential source of gravity waves, to Syowa Station through the year was examined using the ERA Interim data (not shown here). The axis of tropospheric jet stream was always found to be north of Syowa Station around 50-60 • S. Since the majority of IGWs observed at Syowa during the whole year were found to horizontally propagate northwestward to northeastward (45.8 %), geostrophic adjustment at the axis of the jet could be a source of only part of the observed IGWs. After examining u 2 + v 2 in more detail, it was found that the pronounced peak in November 2013 is a result of a few strong wave activity periods. Stronger wave activity periods on the scale of several days can be seen in PANSY data through the year. The lower panel of Fig. 11 shows the variance of horizontal perturbation velocities with the time. These values were derived as 6 h averages of u 2 + v 2 to match the time resolution of ERA Interim data and smoothed out by using a running mean of roughly 1 day. Clear periods of stronger wave activity on the scale of one to 6 days are seen through the year. Looking through the properties of a few random cases and the synoptical situation at the given times, it was concluded that they might be connected to synoptic-scale activity around Syowa Station. In the upper panel of Fig. 11 , we can see the time dependence of the average of squared relative vorticity, derived from ERA Interim data, (as measure of synoptic scale activity) in an area around Syowa Station at 300 hPa level. This is just underneath the explored height range. Six cases of strong wave activity were chosen and studied in more detail. For the chosen cases, the maximum u 2 + v 2 was greater than 10 m 2 s −2 and the coverage of the period by successful fits was greater than 70 %. The length of the period was decided as the times around the peaks when u 2 + v 2 was greater than 1.25 times the year mean value of u 2 + v 2 . The chosen case periods are shown in Fig. 11 letters A -F in red. Example of PANSY measurements and the extracted perturbation velocities during one of our cases (Case D) can be seen in Figs. 1 and 3 . As can be seen in Fig. 11 few cases with large variance were omitted from the analysis. These were the cases when the coverage by the measurements and fits was less than 70 % of the time period. Table 2 . Overview of mean properties of IGWs for different seasons and studied cases of strong wave activity. τ is observed period and C v observed phase speed.
Time period The synoptic situation during these periods was examined in greater detail using the ERA Interim data. Common properties were found for all of the six cases. Maps of the geopotential height and wind speed at 300 hPa level around the time of the maximum variance of the horizontal perturbations of each respective case are shown in Fig. 12 . In all cases, a lowpressure area is seen to the north or northwest of Syowa Station. Thus Syowa Station is placed in the front or higher latitude part of the low-pressure system. These low-pressure systems are deep objects visible through the whole troposphere. Respective maps of geopotential height and wind speed in the 850 hPa are shown in Fig. 13 , where the low-pressure systems are also visible to the north-northwest of Syowa Station. These systems are nearly stationary or moving slowly towards the east. A ridge of higher pressure can be seen extending from NE to SW to the southeast of the station in the 300 hPa level. Wind speeds above Syowa Station range from 15 to 35 m s −1 at the 300 hPa level. The wind has westward or southwestward direction over Syowa Station, along the coastline. This wind direction is visible through most of the troposphere as also seen in Fig. 13 . Here a layer with enhanced wind speeds (15-40 m s −1 ) around and northwest from Syowa Station can be seen in lower altitudes. This position and wind direction would suggest the probability of the low level winds being downslope towards the coast and Syowa station, which brings up a possibility of the presence of topographically forced gravity waves. Properties of the IGWs observed during these periods are summarised in the second part of Table 1 . In all the cases the length of the episodes was 1 to 5 days. The averages of the vertical wavelength (1.9 to 2.8 km), the parameter f/ω (in the range of 0.42 to 0.52) and the horizontal wavelength (180-255 km) were in all cases higher than the respected seasonal average. Also during all these periods the percentage of the detected downward propagating waves was much lower than the seasonal averages (ranging from 1 to 8 %). This suggests that the tropospheric disturbances are not a source of downward propagating IGWs at these heights. The saturation ratio was also higher than the respective seasonal averages thus suggesting the waves interacted with the background wind to a higher degree during these periods. The dominant horizontal propagation direction was northward or northeastward in four of the cases (Cases B, D, E, F), southward in Case A and had a dipole structure with northward and southward direction being dominant in Case C. This could be a sign of the dependence of the propagation direction on the exact position of the IGWs source relative to Syowa Station and thus could also partially explain the lack of a clear cycle of horizontal propagation directions during the year.
Discussion
The present study shows that in the altitude range of 10-12 km, frequent periods of stronger wave activity are observed. These exhibit similar tendencies to properties of IGWs in the chosen and studied Cases A to F. During the case selection process the only condition on the properties of IGWs was that on the magnitude of horizontal perturbation variance. Other properties were thus not influenced by the selection process which would suggest that the similarity is due to similar nature of the observed IGWs. The sources of strong wave activity periods lasting on average a few days (1 to 5 days in our cases) seem to be synoptic-scale disturbances (as cut-off low-pressure systems or blocking) with high lower level wind speeds in the troposphere around Syowa Station. These disturbances exhibit similar properties during the max- imum of horizontal perturbation variance which is a dipole like structure with deep low-pressure system (negative relative vorticity) area north-northwest of Syowa Station and an upper ridge of high-pressure, positive relative vorticity area moving over or south -southeast from the Syowa Station in the upper troposphere. Wind direction in the vicinity of Syowa Station being westward-southwestward through a significant part of the troposphere and the presence of high low-level wind speeds (15-40 m s −1 ) also suggests a possibility of the presence of topographically forced gravity waves advected by mean wind flow. These situations seem to be similar to cases studied by Yoshiki et al. (2004) , who found that the gravity wave energy in the altitude range between 13 and 15 km is enhanced near the ridge in the upper troposphere which is connected to tropospheric vorticities, and Shibuya et al. (2015) . In addition, the validity of the obtained wave parameters represented in Table 2 by the ratio |k h /m| was also checked using the continuity equation and calculating the ratio of the vertical and horizontal wind perturbation amplitudes w f /u p . As seen in Table 2 we obtained a good match for both summer and winter seasons with a difference of up to around 20 %. Monthly means of the meridional component (v w ) of vertical momentum flux (Fig. 10) does not show variability during the year with values close to zero or slightly positive. The zonal component (u w ) of vertical momentum flux (Fig. 10) shows a cycle with negative values (down to −0.09 m 2 s −2 ) from February to July 2013 and close to zero or positive values (up to 0.1 m 2 s −2 ) for the rest of the year. The vertical momentum flux at Syowa Station is thus found to be stronger than the one observed in similar altitudes in midlatitudes where in the summer u w is close to zero and in the winter time around 0.04 m 2−2 (Sato, 1994) . In the lowermost stratosphere, height range of 10-12 km, the monthly means of the momentum flux and horizontal perturbation velocity variance seem to be influenced strongly by the individual, short (lasting a few days) episodes of strong wave activity. The intermittent character of the wave activity can be seen in the more detailed time series of u 2 + v 2 (Fig. 11 ) which exhibits high variability with frequent episodes lasting 1 to 6 days of higher wave activity of various magnitude. Cases of episodes with the strong wave activity (large u 2 + v 2 ) exhibit similar properties of IGWs observed during these times (Table 1) . These suggest the similar nature of the waves and probably the same generation process. The episodes can be linked to the synoptic scale tropospheric disturbances of similar character. This is in agree-ment with the previous study by Yoshiki et al. (2004) which suggests a significant tropospheric source influence for the slightly higher altitude range of 13-15 km.
Conclusions
One year (January to December 2013) of PANSY MST/IS radar data was analysed for properties of IGWs in the altitude region of 10 to 12 km. A pronounced yearly cycle of IGW properties was not found. The most apparent change through the year shows the intrinsic frequencyω was found to be lower in the summer months (January to March and December 2013) and higher in the winter months (April to November 2013). This fact also corresponds to the, on average, shorter horizontal wavelengths in the winter. Dominant horizontal propagation direction through the year changes irregularly and does not show much difference between the seasons with the slightly dominant north-northeastward propagation directions (33 %). There is a difference in the properties of IGWs between the upward and downward energy propagating waves. On average downward propagating waves show higher intrinsic frequencies, shorter horizontal wavelengths and slightly dominant southward to westward horizontal propagation directions. Important is the higher observed rate of downward propagating waves in the winter season (18.4 %) which is much higher than the rates found in the midlatitudes (Sato, 1994) and in accordance with radiosonde-based studies in the Antarctic (e.g. Yoshiki and Sato, 2000; Moffat-Griffin et al., 2011; Murphy et al., 2014) . The validity of obtained wave parameters was checked by using continuity equation, and a good match was obtained for both seasons. It is found that in the lowermost stratosphere, height range of 10-12 km, cases of episodes with the strong wave activity exhibit similar properties of IGWs. This suggests a similar nature of the waves and probably the same generation process. The episodes can be linked to the synoptic-scale tropospheric disturbances of similar character. This is in agreement with the previous study by Yoshiki et al. (2004) . However, an important part in the observed momentum flux and strong wave activity can also be played by the coexistence of orographically forced gravity waves generated by strong downslope winds at the Antarctic coastline. For a determination of the relative importance of these two sources, further detailed studies are necessary. When interpreting the results of the analysis we have to keep in mind that the quality of the used observational radar data depends on the PANSY radar performance and on the atmospheric conditions. The data are usually more complete during the strong wave activity episodes, which are more favourable for radar observations. This enables better characterisation of these episodes but also might give a bias towards these values of IGW properties in the statistical overview. This limitation will be overcome soon because the full system operation of the PANSY radar commenced in March 2015. As only 1 year of data were so far analysed the observed year cycle or lack of it might only be the case for the given year. Further analysis is required to construct sound climatological overview of the properties during the year.
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